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Brown: The Effect of Pressure on Chemical Reaction

THE EFFECT OF PRESSURE ON CHEMICAL
REACTION

F. E.

BROWN

One of natures most pervasive characteristics is conservatism,
but her conservatism is tempered with adaptibility. She yields to
any force however small, but yields as slowly and with as little
inconvenience to herself as possible. At the same time, every
device which uses up the energy producing the change is brought
into play. For instance, when heat is applied to a system, the
most careful insulation cannot prevent the dispersal of part of it
by conduction, convection and radiation. Some of it is used in the
work done by expans'.on. Every possible chemical reaction and
physical change which absorbs heat is set up. Then what remains
of the heat is available for the desired rise in temperature.
When pressure is applied to a system nature adjusts herself to
the new conditions by yielding at all points but as little as possible
at any one point.
The simplest systems are those composed of gases each of which
form only one kind of gaseous molecules, and which are above
their critical temperatures. Increasing pressure will pack the
molecules closer together and cause a rise in temperature. The
packing furnishes more molecules per cubic centimeter of space
and the rise in temperature causes each molecule to strike the
restraining wall more often and more vigorously. Each succeeding cubic centimeter of compression will be effected by the expenditure of more energy than any preceding cubic centimeter. If
sufficient power is available some strange results may be obtained:
the gases may become much denser than the liquids composed of
the same molecules at lower temperatures. They cannot become
liquids for they are above their critical temperatures. For instance, the density of liquid helium under a pressure of one atmosphere at -271.6° is 0.1456 and the density of gaseous helium
at 65° under 15,000 kilograms per square centimeter (about 15,000
atmospheres) is 0.350. The density of solid hydrogen at -259.90°
is 0.076. The density of gaseous hydrogen at 65° under 15,000
kilograms per square centimeter is 0.1301. No equation of state
can represent such changes of volume. Bridgman believes that the
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atoms and molecules themselves are compressed. At pressures of
9,000 kilograms per square centimeter hydrogen passes rapidly
through the walls of any steel cylinder at room temperature, and
creeps into any flaw and expands it to an opening even though
the cylinder has previously held more than twice that pressure. 1
If a gas below its critical temperature is subjected to increasing
pressure, a pressure will be reached at which drops of liquid or
crystals of solid form. \Vhen this occurs no increase in pressure
will be possible until all gas has condensed to liquid or solid at
constant pressure.
If the atoms can form molecules containing different numbers of
atoms, formation of the more complex molecules will be promoted
by higher pressures. Oxygen may form molecules containing two
or three atoms and perhaps four. Phosphorus molecules contain
from one to four atoms each, and sulfur molecules from two to
eight atoms each. \Vhen oxygen and ozone are intermingled the
result is a mixture even though only one kind of atoms is present,
and each kind of molecules has its own critical temperature, melting point, boiling point, etc. Ozone homogeneously distributed in
liquid oxygen is a solute as truly as sugar in water. For each
temperature and pressure there is an equilibrium concentration
for each kind of molecules. If the necessary chemical changes
occur at the existing conditions these concentrations will be reached.
If a mixture of more than one kind of atoms is subjected to
pressure, each kind of atoms may do all that it alone would do
and in addition compounds may form from the union of different
kinds of atoms. In such cases a few of the many possible changes
are dominant and the others play minor parts. In a gaseous system increase in pressure promotes the formation of a smaller
number of molecules, each containing a larger number of atoms.
In several cases such an effect of pressure is of great commercial
importance. The manufacture of ammonia by the direct union of
N 2 and H 2 is one of the instances in which this is quite evident. If
the reaction, N 2
3H 2 = 2NH 3 reached equilibrium at room
temperature (27° C.), the percent of molecules present would be
H 2 , 2.76%; N 2 , 0.92%; NH 3 , 96.32'/a. But no one has ever
detected any ammonia which he knew formed from N 2 and H 2
at room temperature even with the aid of the most efficient
catalyst yet devised for this reaction. But a rise in temperature
increases the rates of reaction so much that at 450° -600° equilibrium is reached in a moderately short time. Unfortunately at

+

1 P. \V. Bridgman, Rec. trav. chim. 42, 568·71 (1923) and Proc. Am. Acad. Arts Sci.
59, No. 8, 173-211 (1924).

https://scholarworks.uni.edu/pias/vol33/iss1/19

2

Brown: The Effect of Pressure on Chemical Reaction
EFFECT OF PRESSURE ON CHEMICAL REACTION

147

the same time the equilibrium composition of the mixture is
shifted. 2 At 327° the equilibrium composition is H 2 , 73.75 % ;
N 2 , 24.58%; and NH 3 , 1.67 1/o. At 627° it is H 2 , 74.97%; N 2 ,
24.99%; and NH 3 , 0.039%. \Ve seem to have the choice of waiting centuries for an equilibrium which furnishes a large proportion
of ammonia or of securing in a short time a proportion of ammonia too small to be commercially separated from the hyrirogen
and nitrogen. But table I3 shows how pressure affects this coudition.
TABLE I
%
TEMP.

----------

400°
500°
60()0

700°

30

,\T:IL

10.7
3.6
1.4
0.7

NH, AT
100 AT'M.
25.1
10.4
4.5
2.1

OF

200 ATM.
36.3
17.6
8.2

4.1

500

ATM.

52
31
17
9

Last year thousands of tons of ammonia was made in converters
working at 500° under a pressure of 200 atmospheres under which
conditions ammonia may constitute 17% of the gaseous molecules
in the mixture. Some plants used pressures approaching 1000
atmospheres with a consequent increase in percentage of ammonia
formed.
Methanol or wood alcohol is another commercial product in
whose manufacture high pressures play an important part. During the year 1924, forty-eight gallons of methanol were imported
and the price in the United States was about seventy-five cents
per gallon. During the first five months of 1925 about 225,000
gallons were brought in at a considerably lower price. This was
the first of the synthetic methanol, made by direct union of H 2
and CO at high pressures. It is reported that a manufacturing
cost of twelve to eighteen cents per gallon is possible.
Many other compounds can be synthesized at high pressures
but very few such processes are in commercial operation. The
later researches on petroleum are utilizing high pressures as indeed
are investigators in all lines of condensations. It seems reasonable to believe that we are now at the beginning of a new advance
in synthetic chemistry and that one of the dominant new factors
in that advance will be the use of high pressures on a commercial
scale.
Pressure applied to liquid or solid systems produces striking
2

.r".

Haber,

Thermodyn~unics

of Technical Gas Reactions, Longmans, Green and Co.,

p. 204 (1908).
3 Report on the Fixation and Utilization of Nitrogen.
Ordnance Office \\'ar Department, p. 115 (1922).
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changes. In general increase in pressure promotes the formation
of the most dense modification of the substance under pressure.
Solid mercury is more dense than liquid mercury, so increasing
pressure on liquid mercury increases the probability of solidification. Under one atmosphere mercury solidifies at -38.85°; under
1.740 atmospheres, at -30°; under 3,710 atmospheres at -20°;
under 5,670 atmospheres at -10° ; under 7,640 atmospheres at 0°;
under 11,600 atmospheres at
20°. 4 P. \V. Bridgman reports
that at 10° under 8,000 atmospheres pressure, kerosene becomes
as stiff as vaseline while heavy oils become too viscous to be useful
as filling media betvveen a plunger and a body being subjected to
pressure.
\Yater is more dense than its ordinary solid form ice I, so pressure promotes melting. Further increase in pressure produces a
solid again. Tammann and Bridgman 5 report five other solid
forms of water. All of these five forms are denser than water.
Those existing at low temperatures are formed by pressures as
low as 2,500 atmospheres; so any vessel capable of sustaining
2,500 atmospheres pressure will not be broken by freezing water
but will contain some of the denser forms. Ice VI may be kept
solid by a pressure of 20,500 kilograms per square centimeter up
to 76°. Ice hot enough to burn one's hand is a possibility.
When active poisonous white phosophrous is subjected to pressures of 12,000 kilograms per square centimeter at 200° it changes
to a much denser black inactive form black phosphorus. 6
Some metals displace hydrogen from acids. Other metals are
displaced from salts by hydrogen. \Vhich of these happens depends on the electrical potentials exerted by the hydrogen and by
the metals competing for the acid radical. Of course, the tendency of hydrogen to react, or its electrical potential, will be influenced by the concentration of its molecules. Hainsworth, Rowley and Maclnnes; and Tammann and Dickmann 7 have shown that
the change in electromotive force i1 E follows fairly closely that
indicated by the equation i1 E = ~J lnp, when the pressure is
changed from one atmosphere to p atmospheres. This is an
equation derived thermodynamically in which R is the gas con-

+

4 J. \\'". :Mellor, A Comprehensive Treatise on Inorganic and Theoretical Chemistry,
Longmans, Green and Co., p. 718 (1923).
5 G. Tamrnann, Z. physik. Chem. 72, pp. 609-13 (1910).
P. 'vV. Bridgman, Proc.
Am. Acad. 47, pp. 439-558 (1912).
r, P. W. Bridgman, J. Am. Chem. Soc. 36, pp. 1344-63 (1914).
1 vVilliam R. Hainsworth and Duncan A. Maclnnes, J. Am. Chem. Soc. 44, pp.
1()21-32 (1922). W. R. Hainsworth, H. ]. Rowley and D. A. Macinnes J. Am. Chem.
Soc. 46, pp. 1437·43 (1924). G. Tamrnann and H. Dickmann, Z. anorg. Allgem. Chem.
150, pp. 129-46 (1926).
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stant, T is the temperature on the absolute scale, and F the value
of the faraday. Pressures up to 3,000 kilograms per square centimeter were used. The place of hydrogen ·in the displacement
series of elements is not materially changed by the voltage indicated
even by this great pressure.
Zinc reacts with acids to set free hydrogen and while the reaction
continues maintains a definite voltage against a hydrogen electrode.
A calculation by means of the equation given in the preceding
paragraph incEcates that a pressure of hydrogen of the order of
10 20 atmospheres would be required to produce the same voltage
as the zinc produces. Such a pressure should be required to stop
the evolution of hydrogen from an acid in contact with zinc. But
when zinc and sulfuric acid are enclosed in even a strong popbottle the evolution of hydrogen is so slow that the bottle is not
broken for days or even weeks. (Care must be exercised in any
pressure experiment. In this case pressures from twenty to forty
atmospheres are developed and when the bottle breaks the flying
glass is dangerous.) This is not an equilibrium pressure however
for a very great increase in pressure does not deposit zinc. However two Russian investigators, Beketoff in 1864 and Ipatiev in
1923, report that zinc has been separated from zinc sulfate by
hydrogen at 300 atmospheres pressure.
A similar case is that of the decomposition of potassium chlorate.
Brown and Burrows have shown that suitable mixtures of potassium chlorate decompose almost explosively at temperatures below
300°. McLaughlin with Brown has shown similar mixtures under
300 atmospheres pressure may be heated for several hours at 329°
with less than 10% decomposition. The calculated equilibrium
pressure in this case is 10 15 atmospheres. Again, increased pressure does not reverse the reaction so that 300 atmospheres is not
an equilibrium pressure. In all such reactions the theoretical
equilibrium pressures may be calculated from thermodynamical
considerations. In many cases these calculated values are exceedingly accurate. In others there is no experimental verification
and so unconsidered factors may have an important influence in
determining the results.
B. H. Hite has reported in bulletins of the \Vest Virginia Experiment Station and other publications the sterilization of milk,
meat, fruit and vegetable products by pressure. Samples of morning's milk stood until ten o'clock p.m. at room temperature and
were then put in small collapsible tin containers and subjected to
pressures of seven to twelve tons per square inch at a temperature
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of 152°-160° for from one to three hours. Some samples were
left sealed for nearly three weeks at room temperature. When
the containers were opened the milk was sweet and wholesome in
every respect. Milk treated in the same way except the imposing
of pressure was sour in thirty-six hours.
The effects of pressure have been investigated comparatively
rarely. Already changes in melting point, boiling point, density,
crystalline form, conductivity for heat and for electricity, allotropic
forms, stability and other physical and chemical properties have
been found. Some of these changes are quickly reversed, others
are permanent. No field for research in chemistry now gives
greater promise than the study of the effect of pressure on chemical
reactions.
DEPARTMENT OF CHEMISTRY,
lowA STATE CoLLEGE,
AMES, lowA.
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